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Abstract


Management strategies for reducing the environmental impact of water distribution systems often rely on pressure management to limit demand. Yet, dissipated or recovered stream power in valves and pumps as turbines accounts for only part of the supplied energy, while friction, leakage, and excess pressure contribute additional inefficiencies. This work introduces an optimization model that minimizes global excess stream power by explicitly incorporating environmental considerations. Applied to a real water distribution network, the approach identifies optimal valve and turbine placement. Results highlight technical feasibility, environmental benefits, and economic viability, confirming the model’s effectiveness in sustainable water network management.
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1. Introduction


In recent years, water distribution networks (WDNs) have adopted sustainable strategies to address growing environmental and economic challenges [1]. Water scarcity, variable recharge, and leakage cause significant waste of resources and energy. Pressure management, often via pressure reducing valves (PRVs), reduces water demand but dissipates considerable stream power, raising efficiency concerns [2]. To overcome these limitations, advanced solutions such as efficient pumps, variable speed drives, and pumps as turbines (PATs) have been extensively explored [3]. Parallel to these technical developments, several performance indicators have been introduced in the literature to evaluate WDN efficiency. Traditional indicators often focus on reliability or the ratio between supplied and required energy, while recent contributions propose more comprehensive measures accounting for energy demand, dissipation, and excess pressure. Among them, the Global Excess Power (GEP) index has emerged as a robust performance measure, quantifying the gap between supplied and required power [4].



This paper adopts the recently proposed GEP indicator as a novel optimization objective for device placement in WDNs. The proposed approach balances energy supply and demand while accounting for environmental and economic impacts, thereby reducing both the carbon footprint and operational costs. The methodology is validated on a real case study network, with results demonstrating technical feasibility, economic viability, and substantial environmental benefits.




2. The Optimization Procedure


The optimization problem addresses the joint placement of pressure-reducing valves (PRVs) and pumps as turbines (PATs) in a water distribution network (WDN), with the goal of minimizing the Global Excess Power (GEP), which represents the rate of total excess stream power with respect to the minimum power delivered within the system.



The problem formulation is expressed as a mixed-integer nonlinear programming (MINLP), since both binary and continuous variables are involved, together with nonlinear hydraulic constraints. Binary variables define device installation and flow direction, while continuous variables describe pipe discharge, nodal head, and head losses. Compared with traditional approaches that maximize economic indicators (e.g., net present value), this formulation provides a comprehensive and detailed insight into the energy status of the network.



The objective function is defined as the minimization of   G E P   whose formulation is presented below:


    G E P =   ∑  n = 1   N         γ   q   0     Δ h   n       P   M I N      +    γ   q   l e a k     h   0       Δ h   n       P   M I N      +      γ q   l e a k   Δ h       z   n   +   h   0   +   Δ h   n         P   M I N           



(1)




where     q   0    ,     h   0     and     z   n     are, respectively, the total water demand, the minimum required pressure and the elevation of the n-th node (n = 1 … N). Moreover,     ∆ h   n     is the excess pressure at the node; γ is the specific weight of water;     q   l e a k     h   0       and     q   l e a k   ∆ h     represent the leakage flow rate related to the minimum and excess pressure, respectively. Finally,     P   M I N     is the minimum delivered power, expressed as:


    P   M I N   =    ∑  n = 1   N     γ   q   0       z   n   +   h   0        



(2)







With reference to the summation in Equation (1), the first term represents the rate of the power absorbed by the water demand in the presence of an excess pressure, while the second and third terms are the rate of the power absorbed by the minimum and excess leakage, respectively, in the presence of an excess pressure. Finally, the sum of all three terms at each node of the network represents the local excess power (LEP).



Hydraulic mass and energy balance equations are included as constraints of the optimization procedure, along with operational limits such as maximum head drops, exclusive installation of a single device per pipe, and an upper bound on the total number of devices. In addition, carbon savings associated with PAT energy recovery are introduced as boundary constraints, linking environmental performance to network operation. More details about the constraint formulation can be found in [4].




3. Application to a Case Study Network


The proposed optimization was applied to a rural WDN located in the Blackstairs region of Ireland. The system comprises 138 links and 126 nodes, supplied by a reservoir with a constant head of 291 m.



In the absence of management strategies (Scenario 0), the Global Excess Power (GEP) reached 1.34, meaning that 34% of the minimum required energy is wasted as excess and can be recovered through pressure management.



The optimization model was implemented in A Mathematica Programming Language (AMPL) and solved with SCIP [5]. Different constraints on carbon savings were considered, leading to multiple optimal solutions. Each solution was also evaluated a posteriori in terms of net present value (NPV) to assess economic viability.



As illustrated in Figure 1, the minimization of the GEP can be achieved through various configurations of hydraulic devices within the network, depending on the constraints imposed. When the emission savings     C   R    —representing the environmental advantage of the management strategy—are properly bounded, the resulting economic benefits and GEP values differ accordingly. The analysis shows that the most efficient configuration (with a GEP of 0.312) does not correspond either to the scenario with the greatest emission reduction (i.e.,     C   R     of 13.6 tonCO2 per year) or to the most economically favorable solution (with an NPV of 113 k€).



The spatial distribution of LEP values highlights how excess power is managed within the network. As shown in Figure 2, the optimal configurations lead to different LEP distributions compared to Scenario 0 (with a GEP of 1.340), with a clear overall reduction. In addition, all strategies include a dissipating device downstream of the reservoir, lowering network pressure, but the placement and settings of additional devices create variations in LEP and GEP outcomes.



Overall, the results show that no single configuration simultaneously maximizes efficiency, carbon reduction, and economic return. However, the GEP-based optimization framework generates a set of feasible solutions, each emphasizing a different priority.




4. Conclusions


This study proposes a method to optimally place hydraulic devices in water distribution networks by minimizing the Global Excess Power (GEP) while considering carbon footprint constraints. Applied to a rural network, the procedure delivers alternative strategies: the most energy-efficient (GEP = 0.312, increased by +77% compared to the initial scenario), the most profitable (NPV = 113 k€) and the most sustainable (13.6 tonCO2/year saved). The newly proposed approach offers water managers flexible options to balance economic, environmental, and efficiency goals.
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Figure 1. Solutions resulting from different constraints on the carbon savings     C   R    . 
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Figure 2. Devices installation and spatial distribution of LEP values according to the optimal solutions (i.e., GEP values as 0.312, 0.413 and 0.337) and scenario 0 (i.e., GEP as 1.340). 
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